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Coordinatively unsaturated ferrous (CUF) sites confined in nanosized matrices are active centers in a wide range of enzyme and homogeneous catalytic reactions. Preparation of the analogous active sites at supported catalysts is of great importance in heterogeneous catalysis but remains a challenge. On the basis of surface science measurements and density functional calculations, we show that the interface confinement effect can be used to stabilize the CUF sites by taking advantage of strong adhesion between ferrous oxides and metal substrates. The interface-confined CUF sites together with the metal supports are active for dioxygen activation, producing reactive dissociated oxygen atoms. We show that the structural ensemble was highly efficient for carbon monoxide oxidation at low temperature under typical operating conditions of a proton-exchange membrane fuel cell.
I n many catalytic processes, the size of metalcontaining catalysts falls typically in the range of 1 to 10 nm. The catalytically active sites in these catalysts are often coordinatively unsaturated metal cations that are able to undergo facile electron transfer and promote catalytic reactions, as has been studied in (1) (2) (3) (4) (5) , which act as the active intermediates to oxidize various organic compounds, such as methane (7) . However, for heterogeneous catalysis with nanopore environments the active species in Fe-ZSM-5 and Fe-silicalite zeolites are also coordinatively unsaturated Fe 2+ grafted to the zeolite crystalline matrix. The dissociation of N 2 O at the Fe sites leads to formation of "a-oxygen" species, which are active in the selective oxidation of benzene to phenol at mild conditions (8) . These characteristic coordinatively unsaturated ferrous (CUF) sites are confined by various ensembles such as proteins, ligands, and nanopore matrix, which are essential for their high reactivity and stability in the catalytic oxidation reactions mentioned above (9) .
Preparation of an analogous ensemble at supported heterogeneous catalysts, which account for 80% of the catalytic processes in industrial chemistry, is of great importance. This, however, remains a challenge because of their high structural complexity and flexibility under operating conditions. On the basis of surface science measurements, density functional calculations, and catalytic reactions under realistic conditions, we describe here a strategy to achieve this goal that takes advantage of the confinement effect at interfaces between nanostructured ferrous oxides (FeO) and metal (Pt) substrates. The interfaceconfined CUF sites and neighboring Pt atoms are identified conclusively as the active centers to activate O 2 . The dissociated atomic oxygen atoms therein present modest adsorption energy and thus are highly reactive. Catalytic reaction experiments on the supported Pt-Fe catalysts prepared by a dedicated and reproducible synthesis method show that the identified ensemble is highly active, selective, and robust for CO oxidation, even under operating conditions of a proton-exchange membrane fuel cell (PEMFC). Construction of FeO nanoislands on the metal support was done by depositing Fe on Pt(111) under oxidizing conditions and characterized by an ultra-high vacuum (UHV) multi-probe surface system (10) . Figure 1A shows a typical scanning tunneling microscopy (STM) image taken from Pt (111) At the periphery of the two-dimensional (2D) FeO nanoislands, there are a number of CUF sites indicated by the decreased ratio of the measured O 1s and Fe 2p 3/2 peak heights as compared with that of the monolayer FeO films grown on Pt(111). To more easily identify the changes, we deposited a fixed amount of Fe (0.25 ML) but annealed at various temperatures. In this way, the corresponding dispersion of FeO nanoislands prepared could be changed gradually. To quantify the dispersion, we defined the specific periphery density (SPD) as the length of the periphery of FeO nanoislands per unit area of the Pt substrate. As shown in XPS and ultraviolet photoelectron spectroscopy (UPS) were used to study CO oxidation on the 0.25 ML FeO 1-x /Pt(111) surfaces. Because of the strong bonding of CO on Pt (12), the exposed Pt(111) surface would be saturated by CO even at room temperature (RT). In contrast, the FeO surface is inert for CO adsorption at RT (13) . This can be seen from fig. S2 , in which the O 1s peak from the adsorbed CO decreases linearly with the coverage of the FeO nanoislands. To investigate the reactivity of the FeO 1-x /Pt(111) surfaces, we first presaturated the samples with CO. Afterward, a steady-state flux of O 2 at nominally 5.2 × 10 −8 mbar was leaked into the chamber at RT. The removal of CO was studied by monitoring the variation of the characteristic in situ UPS peaks at a BE of 9.4 eV from 5s and 1p states of adsorbed CO (14) . On the FeO 1-x /Pt(111) surfaces, the adsorbed CO was found to react off by O 2 exposure within 5 min, whereas Pt(111) shows negligible activity under the same conditions. The reaction rate was determined on the basis of the UPS intensity versus the reaction time plots (fig. S3 ). In Fig. 1C , the rate of CO removal is plotted as a function of the SPD of the FeO nanoislands, and a linear correlation between the rate and SPD can be seen. This shows unambiguously that the CUF sites at the peripheries of the FeO nanoislands on Pt(111) are the active sites for CO oxidation.
If the prepared 2D FeO nanoislands were oxidized further (to 1.3 × 10 −6 mbar O 2 , 673 K) to 3D ferric oxide nanoislands [denoted as FeO 1+x /Pt(111)], the corresponding reactivity was remarkably lower at RT (fig. S4 ). Considerable reactivity could only be found when the temperature was higher than 400 K (15) . The reactivities of metallic Fe overlayers grown on Pt(111) and Pt(111) with subsurface Fe were lowered too ( fig. S4 ). Among various model systems considered, the FeO 1-x /Pt(111) surface presents the highest reactivity because of the presence of the CUF sites.
Density functional theory (DFT) calculations were performed in order to reveal the origin of the high reactivity of the FeO 1-x /Pt(111) surfaces (10) (Fig. 2A) . The substantially larger adsorption energy of CO than O 2 by about one eV indicates that Pt(111) tends to be covered by CO, which would block the sites for O 2 adsorption and activation. Thus, CO oxidation on Pt(111) would be hindered by adsorbed CO at modest temperatures despite that the calculated reaction barrier (0.85 eV) between CO and dissociated O is not high, which agrees well with previous experiments (16) .
In contrast, FeO 1-x /Pt(111) shows a much higher reactivity for O 2 activation (fig. S5) Fig. 2A) and afterward dissociate to atomic O with a barrier of 0.42 eV [the corresponding transition state (TS) shown in Fig. 2B ]. On the other hand, we find that CO adsorption at the CUF sites is unstable. The preferential adsorption and activation of O 2 over the CUF sites on the FeO 1-x /Pt(111) surfaces are the main reason why these surfaces do not become CO poisoned. Adsorption energy for the dissociated O atoms at the CUF sites is -1.10 eV/O. Compared with oxygen atoms adsorbed on metallic Fe or inside a 2D FeO overlayer with energy of -3.0 eV, which was too strong to be reactive, the bonding strength for O atoms at the CUF sites is optimum and would make these sites active. Indeed, the reaction barrier between O at the CUF sites and CO adsorbed on neighboring Pt atoms is only 0.63 eV (the corresponding TS is shown in fig. S6 ). After removal of atomic O by CO, Fe atoms at the boundary resume the coordinatively unsaturated state and get ready for O 2 adsorption and dissociation to close the cycle. In this catalytic cycle, the boundary between the FeO nanoisland and Pt provides multiple sites (CUF and Pt atoms) for O 2 activation and CO adsorption, and the CO oxidation occurs according to the bifunctional mechanism (17, 18) .
The formation of the CUF sites at the peripheries of the FeO nanoislands is due to the stabilization of interface confinement between the oxide overlayers and the metal supports. To verify this, we studied the interfacial interaction between FeO overlayer and Pt(111) substrate using a model of ð ffiffiffiffiffi 84 p Â ffiffiffiffiffi 84 p ÞR10.9 0 -FeO/Pt(111), and the calculated interfacial adhesion energy is 1.40 eV per FeO formula ( fig. S7 ). The interfacial adhesion comes from the strong interaction between interfacial Fe and Pt atoms, as seen clearly from their extensive orbital hybridizations (Fig. 2C) . The strong adhesion between FeO overlayers and Pt substrates stabilizes the monolayer ferrous oxide against further oxidation into ferric oxide (19, 20) . CO oxidation on FeO 1-x /Pt(111) might maintain its activity even in the presence of H 2 because dissociative adsorption of H 2 on Pt suffers from CO poisoning. Indeed, our calculations show that on 0.67-ML CO precovered Pt(111), dissociative adsorption of H 2 becomes endothermic. Meanwhile, dissociative adsorption of H 2 on FeO at RT is difficult, too (21, 22) . This is desirable for the preferential oxidation of CO in excess of H 2 (PROX) (18, 23, 24) .
Guided by these insights, we prepared Pt-Fe [4 weight percent (wt %) Pt, 0.5 wt % Fe] nanoparticles (NPs) and Pt (4 wt %) NPs supported on nanosized silica spheres. To realize the main structural features shown above, we developed a dedicated preparation process with proper reduction at 473 K for 2 hours in H 2 (10) . The treatment with H 2 reduces the as-prepared samples to metallic states. Transmission electron microscopy (TEM) analysis found that the metal NPs in the Pt/SiO 2 (Fig. 3A) and Pt-Fe/SiO 2 (Fig. 3B ) samples are anchored evenly over the silica hosts and have a narrow distribution in average size of 2 to 3 nm and 2 to 4 nm, respectively. Highresolution TEM (HRTEM) images (Fig. 3, A S10 ). Correspondingly, the structure of the prepared Pt-Fe NPs consists of the Pt NPs with Fe patches on the surfaces. CO PROX reactions under stoichiometric condition (1% CO and 0.5% O 2 , 98.5% H 2 , 0.1 M Pa, 36000 ml g
) are conducted on the PtFe/SiO 2 and Pt/SiO 2 catalysts. The corresponding activity and selectivity were measured from the temperature-dependent reaction profiles (Fig. 3, C  and D) . For the Pt/SiO 2 catalysts, CO conversion is negligible below RT, but increases slowly with temperature. At 473 K, only 70% CO was reacted off. In contrast, the Pt-Fe/SiO 2 catalysts show a high activity, with almost 100% CO conversion and 100% CO selectivity at RT. At 353 K, the catalysts have 95% CO conversion and 95% selectivity, which remain high. Even at 200 K, the Pt-Fe/SiO 2 catalysts maintain 20% CO conversion and 100% CO selectivity. We measured the oxidation state of the Fe species under reaction conditions using in situ x-ray adsorption spectroscopy (XAFS) performed in the beamline of BL14W1 in the Shanghai Synchrotron Radiation Facility (SSRF) (fig. S11) . Compared with the Fe K-edge XAFS spectra from the reduced and fully oxidized Pt-Fe catalysts, the pre-edge feature from the Pt-Fe NPs under the reaction conditions was located in the middle. This shows the presence of ferrous species under the operating conditions. Thus, the highly active Pt-Fe NPs in the CO PROX reaction should comprise Pt-rich core and ferrous species on the surfaces, restoring the characteristics of the FeO 1-x /Pt(111) model system described in the above model system.
The Pt-Fe catalysts prepared are very stable, and no deterioration of their performance was found after 40 hours at RT (fig. S12 ). Under PEMFC working conditions operated typically at 353 to 373 K, there are considerable amounts of water and CO 2 present. We tested the Pt-Fe catalysts under the realistic PEMFC conditions. As plotted in fig. S13 , the catalysts were stable and showed good performances, with 92% CO selectivity/conversion at 353 K. By using slight excess of O 2 , CO can be removed to a level lower than 1 part per million ( fig S14) . We also assembled the Pt-Fe nanocatalysts into a 1-kW PEMFC working system. We found that the cell performance stays quite stable after a 930-hour test but deactivates quickly after a 30-min test without using the Pt-Fe catalyst ( fig. S15) . Extraordinary activity and stability of the Pt-Fe catalysts under the operating conditions suggests that the Pt-Fe nanocatalysts prepared are eligible for industrial applications.
We demonstrated a strategy of preparing coordinatively unsaturated metal sites with lower valent states on metal substrates by taking advantage of the confinement effects at interfaces between nanostructured oxides and metal substrates. The confined CUF sites and neighboring metal atoms show a high activity and stability in CO oxidation under realistic conditions. The concept of interface confinement and fabrication of coordinately unsaturated low-valent cations C hemists are often inspired by the spontaneous and precise assembly of multiple protein subunits into giant, well-defined, functional superstructures (1, 2). Spherical virus capsids, consisting of hundreds to thousands of identical protein subunits, are simple and accessible examples of biological self-assembly and have been extensively studied (3, 4) and mimicked on a much smaller scale. Most virus capsids are polyhedra assembled from 60T subunits, where T is a mathematically defined triangulation number, and T = 1, 3, 4, 7, 13, and 16 are naturally occurring values (5, 6). As a result, the possible final capsid polyhedral structures are limited by simple geometrical constraints. Similar geometrical constraints have often been used in artificial multicomponent selfassembly (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . The formation of roughly spherical polyhedra with a general formula of M n L 2n is predicted when metal ions with square planar coordination sphere (M) and rigid bent ligands (L) are mapped onto the vertices and edges, respectively, of the polyhedra. For entropically favored regular or semiregular polyhedra, n is limited by geometrical constraints to be 6, 12, 24, 30, or 60 (Fig. 1A) (27), and spherical coordination assemblies have been reported for n = 6 (25) and 12 (10, 26) but not for larger n values. Here we report the self-assembly of the giant, 5-nmdiameter M 24 L 48 spherical framework 2 (where n = 24) from square planar Pd 2+ ions and bent dipyridylthiophene ligand 1 (Fig. 1B) . The formation of this 72-component system is highly sensitive to the ligand geometry. We previously reported that the smaller 36-component M 12 L 24 coordination sphere 4 (n = 12) forms when the analogous dipyridylfuran ligand 3 is used (Fig. 1C ) (10) . Systematically varying the mean ligand angle by mixing 1 and 3 in various ratios revealed that even a slight change in the mean ligand bend angle critically switches the final structure between M 24 L 48 and M 12 L 24 coordination spheres. The amplification of a small initial difference into an incommensurable difference in the resultant structures is a key mark of emergent behavior. Emergent phenomena are attracting considerable current interest (28-30) and usually refer to the emergence of macroscopic differences based on microscopic differences. We believe that our results are a good example of chemical emergence because an incommensurable difference is observed at a molecular level. By demonstrating, in an artificial system, emergent behavior on similar scale to that observed in the assembly of biological structures, we provide a synthetically simple system for the mechanistic scrutiny of massive multicomponent self-assembly. In addition, we extend the scale and the practical feasibility of using self-assembly as a powerful bottom-up technology for the construction of discrete nanoscale systems.
Ligands 1a to 1c were synthesized in a single step from 4-pyridyl pinacol boronate ester and the corresponding 2,5-dihalothiophenes in reasonable yields by using the Suzuki-Miyaura procedure (31). When ligand 1a (10 mmol) and Pd(NO 3 ) 2 (5.0 mmol) were heated in dimethyl sulfoxide-d 6 (DMSO-d 6 ) (0.7 ml) at 70°C for 17 hours, two broad peaks were observed in the 1 H nuclear magnetic resonance (NMR) spectrum (Fig. 2B) . The peak at 9.2 parts per million (ppm) was assigned to PyH a (Py = pyridyl) and the peak at 8.0 ppm was assigned to the superimposed PyH b and thiophene protons, where a and b indicate the two positions on the pyridinyl group. The broad (Fig. 2C) , which is indicative of a much larger structure than M 12 L 24 coordination sphere 4, which has a logD value of -10.3. A quantitative yield was confirmed by 1 
